Many different household water treatment (HWT) methods have been researched and promoted to mitigate the serious burden of diarrheal disease in developing countries. However, HWT methods using bromine have not been extensively evaluated. Two gravity-fed HWT devices (AquaSure™ and Waterbird™) were used to test the antimicrobial effectiveness of HaloPure ® Br beads (monobrominated hydantoinylated polystyrene) that deliver bromine. As water flows over the beads, reactive bromine species are eluted, which inactivate microorganisms. To assess log 10 reduction values (LRVs) for Vibrio cholerae, Salmonella enterica Typhimurium, bacteriophage MS2, human adenovirus 2 (HAdV2), and murine norovirus (MN), these organisms were added to potable water and sewage-contaminated water. These organisms were quantified before and after water treatment by the HWT devices. On average, 6 LRVs against Vibrio were attained, as well as 5 LRVs against Salmonella, 4 LRVs against MS2, 5 LRVs against HAdV2, and 3 LRVs against MN. Disinfection was similar regardless of whether sewage was present. Polymer beads delivering bromine to drinking water are a potentially effective and useful component of HWT methods in developing countries. Kyle S. Enger (corresponding author) Blue Cross Blue Shield of Michigan, 232 S. seriously impacted by inconsistent use (Hunter et al. ; Enger et al. ). People in underdeveloped communities must work hard to survive and have difficulty finding time to treat water (Paul ); they may also be unable to pay
INTRODUCTION
Health Organization ), and also interacts with malnutrition to cause widespread morbidity, including poor growth and impaired cognitive development (Guerrant et al. ) .
Effective HWT methods include (Sobsey ; Schmidt & Cairncross ): (1) boiling, which is by far the most common (Rosa & Clasen ) ; (2) various types of filtration, such as ceramic filters or sand filters; (3) solar disinfection (SODIS), in which water is exposed to sunlight using clear plastic bottles; and (4) chlorine treatment, usually by adding hypochlorite (sometimes with a flocculant) to water. These methods are often combined with safe storage, in which decontaminated water is confined and dispensed (e.g. closed container with a tap) so that it cannot be recontaminated by hands or dippers. However, the effectiveness of HWT can be seemingly small recurring costs for HWT (Stockman et al. ) . Therefore, a successful HWT technology in poor areas must be simple to use and inexpensive. The effectiveness of a particular HWT technology also depends on the characteristics of the community, and there is no single technology that is best in all settings (Clasen ) .
Halogens, particularly chlorine, are commonly used in municipal water treatment systems to control microbial contamination in drinking water. It is also a widely promoted HWT method, particularly by adding hypochlorite to drinking water; common examples are aqueous solutions, such as WaterGuard (Lantagne & Gallo ) , and soluble powders, such as PUR™ or P&G™ flocculant-disinfectant sachets (Chiller et al. ) , which are capable of inactivating ! 6 log 10 of bacteria (Sobsey et al. ) . Bromine is much less commonly used as a water disinfectant than chlorine, but has been used to treat drinking water on US naval vessels for several decades (Dunk ) . Bromine and chlorine are both strongly oxidizing halogens, and they can both be delivered using N-halamine media (Chen et al. ) , such as HaloPure ® beads. These media consist of spherical polymer beads approximately 0.5 mm in diameter, which have a high surface area and can reversibly bind reactive chlorine or bromine species. Although the precise mechanism is unclear, it appears that when microorganisms contact the beads, Clþ or Brþ is transferred to microorganisms, oxidizing various targets on the microorganism and causing inactivation (Chen et al. ) . In this way, disinfectant is released in response to demand from the water, ensuring an appropriate level of disinfection without the user having to determine the proper dose (Chen et al.  Measurements of antimicrobial activity against such organisms may be more useful for developing country risk assessments than activity against conventional indicator organisms. path to restrict its flow (Figure 1(b) ), while in the Water-bird™ water flows directly downward ( Figure 1(d) ), with its flow restricted primarily by a prefilter. Unmodified Aqua-Sure™ devices use a prefilter to remove particles from the influent water before treatment by HaloPure ® Cl (chlorinated) beads, as well as activated charcoal to remove organic compounds. These parts of the unit were removed, and the beads replaced, in order to isolate the disinfection effect of the HaloPure ® Br beads and to conservatively estimate their antimicrobial activity. The Waterbird™ device was unmodified; water flowed downward through a ceramic prefilter followed by activated charcoal before encountering the HaloPure ® Br beads.
Experimental design
All experiments followed a similar pattern; the number of experiments for each device and microorganism are listed in Table 1 . At least 5 L of clean water was passed through the devices before the experiment began. The spigot on the lower tank of the device was left open at all times. A timer was started when the influent containing microorganisms was poured into the upper tank. When water began flowing through the spigot, this was termed 'first flush'; the time and flow rate were recorded, and samples were taken for determination of the total bromine residual and for microbial assays. Two or three additional samples at later time points were also analyzed. Total bromine residuals were measured colorimetrically (Hach chlorine test kit model CN-66, Hach Co., Loveland, Colorado, USA), using the total chlorine reagent (DPD method), adjusted for the molecular weight of bromine by multiplying the (2) using only experiments that had data for all time points;
(3) using all data from all experiments, but imputing the median for the missing data at 15 minutes.
RESULTS

Flow rate and bromine residual from the devices
Although the flow rate through both devices decreased with time, the AquaSure™ device had faster flow than the Water-bird™ ( Figure 2 ). There was a significant effect of time on total bromine residual for both devices (Figure 3) ; however, the residual was highly variable, ranging from 0.11 to 1.69 mg/L of total bromine for AquaSure™, and from 0.023 to 2.93 mg/L for Waterbird™. Neither flow rate nor total bromine residual differed by presence or absence of sewage (Figures 2 and 3) , although the effect of sewage on the total bromine residual with the AquaSure™ device approached statistical significance (P ¼ 0.08). 
Inactivation of microorganisms (AquaSure™)
On average at first flush, regardless of whether sewage was used, LRVs of 6.0 were attained for Vibrio, 4.6 LRVs for Salmonella, 3.9 LRVs for MS2, and 4.9 LRVs for HAdV2 (Table 1) . In all cases, at least 99% (two LRVs) of each microorganism was inactivated ( Table 1) 
. Measurements of
Vibrio were usually near the detection limit (Figure 4 ), so it was not possible to see whether Vibrio inactivation changed with time. However, Salmonella were inactivated more effectively at 45 minutes than at first flush ( Figure 5 ), and MS2 showed a similar trend (Figure 6(a) ). However, it is unclear whether inactivation of HAdV2 increased with time, because (as for Vibrio) the measurements were near the detection limit. The trend toward improved inactivation of Salmonella and MS2 from first flush to 45 minutes is consistent with slower flow rates at 45 minutes ( Figure 2) and correspondingly longer contact time with the beads. There was no evidence that the presence or absence of sewage affected inactivation of any tested organism (Figures 4-7) .
Inactivation of microorganisms (Waterbird™)
In contrast to the AquaSure™ device, inactivation of MS2 was highest at first flush (Figure 6(b) and Table 1 ; mean LRV of 6.4) and lowest at 15 minutes (Figure 6 (b) and These data points were missing because first flush occurred later than 15 minutes in those experiments. Inactivation was similar regardless of pH.
DISCUSSION
The HaloPure ® Br beads were effective against Salmonella and Vibrio bacteria, bacteriophage MS2, HAdV2, and MN.
Although both devices commonly inactivated >4 log 10 of MS2, the LRVs were highly variable ( Figure 6 The devices inactivated microorganisms similarly whether potable water or sewage-contaminated water was used.
Although it is unclear exactly how long-term usage with sewage-contaminated water would have affected the where it would be immediately available to inactivate microorganisms at first flush, and lead to higher LRVs.
The LRVs reported here are conservative, for several reasons. If no microorganisms were detected in a sample, it was analyzed as if a number of organisms slightly higher than the detection limit had been detected. Organisms were also frequently undetectable in treated water, so use of higher concentrations of organisms in the influent would yield higher LRV estimates, particularly for MN. The devices tested might also perform more poorly than complete, mass-produced versions. For example, the AquaSure™ device was modified to remove its prefilter, which would probably reduce its efficacy.
Also, the Waterbird™ device was a prototype, and the mass- The total bromine residual in the treated water samples was highly variable (Figure 3 ). The precise meaning of the value of the bromine residual is unclear. We were unable to distinguish free bromine from combined bromine; free bromine would be more reactive, and consequently a more effective disinfectant. Furthermore, since the HaloPure ® beads release bromine on demand when they are in contact with contaminated water, it is difficult to determine contact time, which may be loosely related or unrelated to the total bromine residual in treated water. The main significance of the bromine residual measurements is qualitative verification that bromine was released into the water by the beads. 
CONCLUSIONS
